ABSTRACT Natural ester is a good substitute for mineral oil. It has been successfully applied in power transformers, and its application scale will continue to increase. With the aging of oil-paper insulation in transformers, moisture and impurity particles will inevitably be generated. In this paper, dry and wet mineral oil and natural ester samples, as well as dry and wet cellulose particles, were prepared. The accumulation behavior of the cellulose particles and the conductivity current in mineral oil and natural ester under a non-uniform dc electrical field were compared by using eight combinations of dry or wet cellulose particles and dry or wet insulation oils. The results show that the speed of the cellulose particles and the growth of impurity bridges are faster in wet mineral oil and natural ester, especially when the cellulose particles are also wet. The increase of electrical field strength accelerates the appearance of this phenomenon. The cellulose particle bridging phenomenon in the mineral oil is more significant than that in the natural ester. Under the same dc voltage, the saturated conductivity current in every mineral oil sample decreases as the electrode distance increases; however, the opposite phenomenon is observed in the natural ester samples. Moreover, the oil moisture content increase has a more significant influence on the saturated current and the dc breakdown voltage than the particles' moisture content increase. For the same particle concentration level, the natural ester has a lower conductivity current and a larger dc breakdown voltage than the mineral oil. The natural ester presents better resistance to particle pollution and better insulation properties than the mineral oil.
I. INTRODUCTION
Converter transformers play an important role in high voltage direct current (HVDC) transmission systems. The main insulation structure in converter transformers is oil-paper insulation. Mineral oil has been widely used in power transformers due to its economic performance and good insulation properties. However, because of its poor biodegradability, non-renewability and low flash point, there are an increasing number of studies on the insulation properties of natural ester and its applications [1] - [2] . Many researchers have studied the insulation properties of different kinds of natural esters
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under DC voltage [3] - [7] , which lays a foundation for the further application of natural ester in DC equipment.
Moisture production is inevitable in transformer operation. Statistical results show that the moisture content of oilimpregnated insulation paper/pressboard is usually < 0.5% for new transformers. The moisture content of the oilimpregnated insulation paper/pressboard may increase to 4%-8% in extreme cases, e.g., moisture ingress from the outside caused by leaking gaskets [8] , [9] . Moisture can reduce the mechanical strength and electrical breakdown strength of oil-paper insulation and is regarded as ''the first enemy'' after temperature [8] . Water is a polar substance and is easily absorbed by impurity particles in oil. Under the action of an electrical field, impurity particles with high VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ conductivity will accumulate at the high electrical field and gradually form impurity bridges, especially under a DC electric field [10] - [12] . Tiny metal or nonmetal particles could be formed during transformer operation [10] - [12] . Practical experience shows that over 90% of impurity particles are cellulose particles that originate from the aging of insulation paper/pressboard [11] . The CIGRE report also showed that a high level of particle pollution is one of the main reasons for insulation damage in converter transformers with voltage levels of 400 kV and above [12] . The bridging phenomenon of cellulose particles in mineral oil under DC voltages and the reduction of initial partial discharge voltage and breakdown strength by cellulose particles have been studied by references [10] , [13] . The bridging phenomenon in synthetic ester and natural ester with cellulose particles was compared in reference [7] . It has been shown that the bridging time in synthetic ester is faster than that in natural ester. Wu Lu et al. showed that the lightning impulse breakdown voltages of ester liquids and mineral oil decrease gradually with the increase of cellulose particles [11] . This phenomenon can be further enhanced when the particles are wet [11] . The molecular structures of natural ester and mineral oil are different, which leads to their different properties. In view of the harm of moisture and particles to the insulating performance of oil, to further apply natural ester safely under DC conditions, it is necessary to further study the motion of cellulose particles and its influence on the insulation properties of natural ester in different moisture conditions. This study provides a data reference for the further application of natural ester in HVDC equipment.
In this paper, the effect of moisture on the accumulation behavior of cellulose particles in mineral oil and natural ester under different nonuniform DC electric field strengths and oil gap distances was compared. The conductivity current in both oils with different degrees of cellulose particle accumulation was also studied. The reason for their differences is discussed last.
II. EXPERIMENTS A. OIL AND PARTICLE SAMPLES
The test cell was a standard oil cup with a volume of 400 ml and a copper spherical electrode with a diameter of 13 mm. One of the electrodes could be flexibly adjusted to change the gap distance. The new insulation oil and cellulose pressboard were put into a vacuum drying box at 90 • C for 48 hours to obtain dry samples. The wet oil and pressboard samples were obtained by natural moisture absorption in the air. The moisture content was measured according to the IEC 60814 Karl Fischer titration method. The main characteristic parameters of the dry and wet insulation oils and the dry and wet cellulose pressboard after being treated are shown in Table 1,  Table 2 and Table 3 . The volume resistivities of the oil and the pressboard samples were measured according to IEC 61620/60247 and IEC 62631-3-1, respectively.
Cellulose particles were obtained by rubbing the cellulose insulation pressboard with small metal files. The cellulose particles were screened by two layers of molecular sieves to obtain particles with a size of 150-250 µm for use in the experiments. A 100-mesh molecular sieve was placed below a 60-mesh molecular sieve. Particles with a size of 150-250 µm can pass through the 60-mesh sieve but not the 100-mesh sieve. Eight combinations of samples were tested, as shown in Table 4 . The prepared fiber particle concentration in oil was 0.009% by weight. The cellulose particles samples were immersed in oil samples for 24 hours at 30 • C in a vacuum box for complete impregnation. The dispersion status of the particles in mineral oil was measured by an Olympus BX53 microscope, as shown in FIGURE 1. There were approximately 6,500 particles in 100 ml of oil, as measured by the particle counter.
B. MEASUREMENT
The experiment platform is shown in FIGURE 2. The standard oil cup was located just below the Canon digital camera, which was used to record optical images of the cellulose particle bridges. DC voltage was applied using a high voltage power device AU-20R3-LC (220 V). One electrode was connected to the high DC voltage, and the other was connected to the Keithley electrometer (6517B), which was utilized to measure the current. All tests were performed at 30 • C. First, the effect of moisture on the accumulation behavior of the cellulose particles in mineral oil and natural ester under different DC voltage levels was investigated. The distance between the electrodes was kept at 10 mm. The applied DC voltage was 3 kV, 6 kV and 15 kV. Taking pure natural ester as an example, the electrical field distribution along the central connection of the two electrodes for the above test situation was simulated by the COMSOL software, which is shown in FIGURE 3(b) . Second, the effect of moisture on the accumulation behavior of cellulose particles in mineral oil and natural ester under the combined action of DC voltage and an oil gap distance was investigated. The electrode distance was changed to 2.5 mm, 5 mm, 7.5 mm and 10 mm. The applied DC voltage was 3.75 kV, 7.5 kV, 11.25 kV and 15 kV, respectively. Again, taking pure natural ester as an example, the electrical field distribution along the central connection of the two electrodes for the above test situation was simulated by the COMSOL software and is shown in FIGURE 3(c).
III. RESULTS AND DISCUSSION

A. EFFECT OF MOISTURE ON THE PARTICLE MOTION AND OIL CONDUCTIVITY CURRENT UNDER DIFFERENT DC VOLTAGES
As the time of the voltage applied increased, thin fiber bridges formed and became thicker and thicker. Compared with the dry oil + dry particles (sample DMDP or DNDP) for both an increased water content in the oil (sample WMDP, WNDP) and an increased water content in the cellulose particles (sample DMWP, DNWP), moisture has a significant effect on the accumulation of fiber particles. The speed of cellulose particle movement and the bridging growth are faster in wet oil, especially when the particles are wet (sample WMWP, WNWP). It should be noted that the fiber accumulation phenomenon in mineral oil is more significant than that in natural ester for the samples listed in Table 4 , as shown in FIGURE 4. In addition, as the voltage level increases, the degree of particle accumulation increases. FIGURE 4 shows that the cellulose particle bridge is thicker under 15 kV (10 mm) than under 6 kV (10 mm) and 3 kV (10 mm).
FIGURES 5-7 show the changing behavior of the current in oils with particle accumulation under 15 kV, 6 kV and 3 kV, respectively, for the same electrode distance of 10 mm. When the DC voltage was applied, a high-value current was observed, especially under higher applied DC voltages. Then, the current rose gradually. When a stable fiber bridge was formed between the electrodes, the particle carriers in the oil reached a balance. The dissipation and recombination rate of the carriers in the oil reached a steady rate state, and thus, the current was also gradually saturated. Current saturation occurs earlier at high applied voltages because of the earlier formation of cellulose particle bridges.
The saturated current values (1500 s) for the mineral oil samples are as follows: WMWP> WMDP> DMWP> DMDP> MO (clean mineral oil). The conduction currents in the natural ester samples are as follows: WNWP> WNDP> DNWP> DNDP> NE (clean natural ester). It should be noted that the volume resistivity of the clean and dry natural ester (NE) is smaller than that of the clean and dry mineral oil (MO), as shown in Table 1 . Therefore, the current of NE is larger than that of MO, as shown in FIGURES 5-7. However, when a fiber particle bridge is formed in the oil, the mineral oil samples (DMDP, WMDP, DMWP, WMWP) show a much higher saturated current value than the natural ester samples (DNDP, WNDP, DNWP, WNWP). Therefore, the effect of the fiber impurity bridge on the conductivity of the mineral oil is greater than that of natural ester, especially when the oil and particles are wet. In FIGURE 8, I denotes the saturated current of samples, and IMO and INE denote the saturated current in clean and dry mineral oil and natural ester, respectively. It is obvious that the current ratio values for the oil containing cellulose particles are higher than one. Moreover, the current ratio values of the natural ester samples are much less than those of the mineral oil samples. From the results shown in FIGURES 4-8, it can be concluded that natural ester is more insensitive to particle pollution than mineral oil.
B. MOISTURE EFFECT ON THE PARTICLE MOTION AND OIL CONDUCTIVITY CURRENT UNDER THE COMBINED ACTION OF DC VOLTAGE AND OIL GAP DISTANCE
The effect of moisture on the accumulation behavior of cellulose particles in mineral oil and natural ester under the combined action of DC voltage and an oil gap distance (2.5 mm-3.75 kV, 5 mm-7.5 kV, 7.5 mm-11.25 kV, 10 mm-15 kV) was compared. FIGURE 9 shows an image of the steady fiber bridge (voltage applied for 1500 s) of every sample under the combined action of DC voltage and an oil gap distance. In the mineral oil, as the distance increases, fiber particle bridges remain. Complete fiber impurity bridges can be observed in every sample. In the natural ester, the larger the distance between the electrodes, the more impurity particles accumulate between the electrodes, especially for the sample composed of wet natural ester and wet cellulose particles. Compared with the mineral oil, fiber impurity particles are not easily bridged in the dry natural ester. it can be observed that the saturated conductivity current (voltage applied for 1500 s) increases according to DMDP< DMWP< WMDP< WMWP. For the natural ester shown in FIGURE 11 , the saturated conductivity current increases according to DNDP< DNWP< WNDP < WNWP. Therefore, moisture increases in the oil or the cellulose particles significantly influence the oil conductivity. FIGURE 12 shows the comparison results for the saturated conductivity current for every sample. For the mineral oil, the saturated conductivity current in every sample decreases as the oil gap distance increases. For example, in WMWP, the saturated current under 2.5 mm is 148 nA, which is 1.48 times, 1.75 times and 1.95 times greater than that under 5 mm, 7.5 mm and 10 mm, respectively. This is because most of the fiber particles accumulate between the electrodes and form impurity bridges. With the increase of distance, the relative concentration of the fiber particles accumulated between the electrodes decreases. However, for the natural ester, the saturated conductivity current in every sample increases as the oil gap distance increases, which is attributed to the higher kinematic viscosity of the natural ester. Many particles suspended in oil are not adsorbed by the electrodes when the distance between the electrodes is small. However, with the increase of distance, the accumulation of impurity particles between the electrodes increases, and impurity bridges are formed. In addition, it is noteworthy that the current values of the natural ester samples are much smaller than those of the mineral oil samples under the same cellulose particle concentrations, DC voltages and electrode distances. This indicates that the natural ester is more resistant to impurity pollution.
C. CELLULOSE PARTICLE MOTION CHARACTERISTICS DIFFERENCE ANALYSIS IN MINERAL OIL AND NATURAL ESTER
The forces acting on the particles in the oil under the electrical field include gravity, buoyancy, the viscous drag force (F drag ), the Coulomb force (F c ), the dielectrophoretic force (F DEP ) and the interaction force between particles [10] , [15] , [16] , as shown in equations (1)- (5). Here, r, l and D are the radius, length and diameter of the particle, respectively; q is the charge quantity; ε 1 is the oil permittivity; ε 2 is the particle permittivity; η is the oil dynamic viscosity; and β is the ratio of l/D.
For the cellulose particles in the mineral oil, the force analysis mainly includes three stages. First, the cellulose particles moved to the area of the electrodes under the action of the F DEP and F dag forces. Because F DEP is proportional to E 2 in equation (3), the movement speed of the particles increases as the voltage increases because F DEP increases proportionally to E 2 . Second, the particles would be charged when they contacted the electrodes. When F C is greater than F DEP , the cellulose particles would move back and forth between the electrodes. Third, the cellulose particles would attach on the electrode when F C is not big enough. The particles could attract the other particles, and the cellulose particles bridges formed.
For the particles in the natural ester, the force analysis is different. For DNDP, first almost all of the particles accumulated at one electrode under the combined action of F DEP and F dag . These particles attracted other particles to extend themselves from the electrode. When the electric field strength was high enough, the electrode distance was short or the time of voltage application was long, a complete inverted triangle fiber bridge would be formed. For WNDP or WNWP, the force analysis of the cellulose particles was the same as that for the mineral oil described above. As a result, the final fiber bridges were approximately cylindrical in this case, as was the case for the mineral oil.
The F DEP force is greater in the mineral oil than in the natural ester because of the smaller permittivity ( Table 1 -2). The larger viscosity of the natural ester leads to a higher viscous drag force acting on the particles. Moreover, there are six active hydroxyl groups on each glucose ring in the cellulose chain, as shown in FIGURE 13(a) [17] . Natural ester molecules are called triglycerides. The structure of a triglyceride ester molecule is illustrated in FIGURE 13(b). R 1 , R 2 , and R 3 are fatty acid chains of the same or different types [17] . The electronegative oxygen atom of carbonyl in the natural ester could be combined with the hydrogen atom of hydroxyl in the cellulose chain [17] .
The interaction between the cellulose and the mineral oil (natural ester) was analyzed by molecular simulation using the Material Studio software. First, a molecular model was built in Amorphous Cell. The molecular structure of mineral oil is composed of a chain hydrocarbon molecule model (C 12 H 26 ) and four types of naphthenic hydrocarbon molecule models (C 13 H 24 , C 14 H 28 , C 16 H 28 and C 16 H 26 ). The molecular structures of natural ester (R 1 = R 2 = R 3 = 18) and fiber are shown in FIGURE 13. Because the length of the cellulose chain cannot affect the adsorption and diffusion properties of fiber, two cellulose chains with DP = 4, 5 and 6 are established as calculation units. Second, geometry optimization (30000 steps) was realized by the Forcite module. Third, under 298 K and a Compass II force-field, the model was annealed for 30 cycles to find the lowest energy, which is closest to the actual situation. Then, the molecular dynamics calculation of 200 ps of the lowest energy configuration was carried out under 298 K in an NVT system. FIGURE 14 shows the molecular simulation structure of the insulation oil-fiber, and the simulation results can be seen in TABLE 5. It is well known that the nonbond energy is equal to the sum of the van der Waals interaction energy and the electrostatic interaction energy. The van der Waals force includes the dispersion force and the repulsion force, which decays according to the distance between molecules d 12 and is a short-range interaction force. The van der Waals interaction energy of natural ester-fiber molecules (77.4 kcal/mol) is positive which shows that the distance between the natural ester molecule and the fiber molecule is close enough to form a repulsive force and hydrogen bonds. However, the van der Waals interaction energy of the mineral oil-fiber molecule is negative (−37.5 kcal/mol). In addition, the total interaction energy of the natural ester-fiber molecule structure is 60 kcal/mol, which is 49 kcal/mol larger than that of the mineral oil-fiber molecule. In a word, vegetable oil and fiber molecules have a strong interaction force, which makes natural ester and fiber molecules bond tightly and restricts the movement speed of particles.
According to TABLES 1-3, the permittivity values of wet mineral oil and wet natural ester are similar to those of dry mineral oil and dry natural ester at 50 Hz, whereas the permittivity of wet cellulose particles is greater than that of dry cellulose particles. Equation (3) implies that particles with a higher permittivity sustain greater F DEP , thereby causing them to move faster under the wet situation coupled with the formation of thicker and denser bridges. Moreover, the reduction of resistivity in the oil and cellulose particles leads to an increase of the conduction current in the oil. Nevertheless, the conduction current of the natural ester-containing VOLUME 7, 2019 particles is always less than that of the mineral oil-containing particles. The above analysis indicates that natural ester has a better ability to resist pollution.
The clean oil resistivity shown in TABLES 1-2 was measured under a uniform electric field according to IEC 61620/60247. However, the current for the clean oil and the oil-containing particles shown in FIGURES 5-7 and FIGURES 10-11 was measured using spherical electrodes, which have a nonuniform electric field. FIGURES 5-7 and FIGURES 10-11 show that the clean natural ester h 1.5∼2 times higher saturated current values than the mineral oil. The multiple current differences shown in FIGURES 5-7 and FIGURES 10-11 are smaller than the resistivity differences shown in TABLES 1-2 mainly because the form of measuring the electric field is different.
In this paper, the testing temperature is 30 • C. According to [18] , the saturation value of water content in natural ester is 1171 ppm at 30 • C, while that in mineral oil is 83 ppm [18] . According to TABLES 1-2, the relative moisture contents of dry and wet mineral oil are 32.5% and 75%, respectively, and the relative moisture contents of dry and wet natural ester are 5.5% and 11.5%, respectively. The moisture content of wet oil is 2 times larger than that of dry oil. In addition, the moisture content of wet particles 5% is 5 times larger than the moisture content of dry particles 1%.
As shown in FIGURE 5, taking the results under 3 kV (an electrode distance of 10 mm) for example, the saturated current for the WMDP sample is 1.3 times higher than that of the DMWP sample, while the saturated current for the WMWP sample is only 1.03 times higher than that of the WMDP sample. It can be seen that increases in the relative moisture of the mineral oil have a more significant influence on the saturated current of the oil than increases in the particle moisture content. By analyzing the effect of moisture content increases in the natural ester on the current rise magnitude and the effect of moisture content increases in the cellulose particles on the current rise magnitude in the natural ester, it can be concluded that increases in the oil moisture content have a more significant impact on the current. The saturated current results shown in FIGURE 12 and the cellulose particle bridging phenomenon results shown in FIGURE 4 and FIGURE 9 also validate this conclusion.
D. EFFECT OF MOISTURE AND PARTICLES ON OIL DC BREAKDOWN VOLTAGE
The rate of the applied DC voltage for performing the breakdown voltage was 1 kV/s. A two-parameter Weibull distribution model was utilized to analyze the DC breakdown voltages of the samples. The mathematical expression for this model is shown in equation (6), where t is the DC breakdown strength, α is a scale parameter that describes the characteristic breakdown strength of oil, and β is a shape parameter that reflects the changing rate of breakdown probability as the DC voltages increase. The data samples in this paper are complete, so the empirical distribution function F n (t i ) can be calculated by formula (7), where i is the order of the test samples, and n is the number of samples.
FIGURE 15 is the Weibull probability distribution plot for the DC breakdown voltage of different mineral oil and natural ester samples. It can be seen that with the moisture content of oil increased or with the moisture content of particles increased, the Weibull curve for the DC breakdown voltage of mineral oil and natural ester samples all moves to the left. The DC breakdown values reduce with the particles added in the oil, especially for the wet particles. FIGURE 16(a) describes the scale parameter (DC characteristic breakdown voltage at 63.2% breakdown probability) of different samples through Weibull analysis shown in Figure 15. FIGURE 16(b) is the shape parameter of different samples. It is clear that moisture content increase in oil or in particles has significant influence on scale parameter (DC characteristic breakdown voltage) and shape parameter. The DC characteristic breakdown voltages and shape parameter of natural ester samples are all higher than those of mineral oil samples. Compared with mineral oil, natural ester is less sensitive to the effect of moisture and particles, which demonstrates that natural ester has a better resistance property to moisture and particles pollution. 
IV. CONCLUSIONS
According to the above analysis and discussion, the conclusions are summarized as follows.
The speed of the cellulose particles and the growth of impurity bridges are faster in wet mineral oil and natural ester, especially when the particles are wet. Moisture content increases in the oil have a more significant influence on the saturated current and DC breakdown voltage than increases in the particle moisture content.
The saturated conductivity current in every mineral oil sample decreases as the electrode distance increases, while the opposite phenomenon is observed in the natural ester samples. Under the same electrode distance, increases in the DC voltage level increase the degree of particle accumulation. The cellulose particle bridging phenomenon in mineral oil is more significant than that in natural ester.
Complete impurity bridges can be observed in all mineral oil samples, while cellulose particles cannot easily form bridges in natural ester due to its larger viscosity and interactions between the natural ester and the cellulose particles. Natural ester presents a better resistance to impurity pollution and better insulation properties than mineral oil. The DC characteristic breakdown voltages and shape parameter of natural ester samples are all higher than those of mineral oil samples. 
